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HIGHLIGHTS 


►  The  influence  of  acrylonitrile  (AcN)  on  the  ORR  at  a  Pt/C  catalyst  is  investigated. 

►  A  few  ppm  of  AcN  shifts  the  onset  potential  of  the  ORR  and  produces  more  H202. 

►  AcN  blocks  the  active  sites  and  affects  the  work  function  of  the  Pt/C. 

►  The  poisoned  Pt/C  is  recovered  via  a  few  CV  cycles. 
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This  study  addresses  the  poisoning  effect  of  acrylonitrile  (AcN)  on  the  catalytic  activity  of  a  Pt/C  catalyst 
modified  GC  disk  electrode  toward  the  oxygen  reduction  reaction  (ORR)  in  02-saturated  0.1  m  HCIO4 
solution.  A  significant  retarding  effect  of  AcN  on  the  catalytic  performance  of  the  Pt/C  catalyst  toward  the 
ORR  is  observed.  For  instance,  the  presence  of  1  ppm  AcN  in  solution  causes  a  cathodic  shift  of  the  half¬ 
wave  potential  of  the  ORR  by  ca.  85  mV  with  the  formation  of  hydrogen  peroxide  (2-electron  reduction 
product  of  02).  Similar  Tafel  slopes  (close  to  -68  mV  dec-1)  are  obtained  at  the  unpoisoned  and  the 
poisoned  Pt/C  catalysts  at  low  current  density  region.  Whereas,  a  larger  Tafel  slope  (ca.  -228  mV  dec-1) 
is  observed  at  the  poisoned  catalyst  than  that  obtained  at  the  unpoisoned  Pt/C  catalyst  (ca.  -128  mV  dec 
-1)  at  high  current  density  region.  The  adsorption  of  AcN  on  the  surface  of  the  Pt/C  is  believed  to  alter  its 
work  function  (#)  in  such  a  way  that  deteriorates  its  catalytic  activity.  The  recovery  of  the  performance  of 
the  Pt/C  catalyst  is  achieved  by  employing  a  few  potential  cycles  between  the  onset  potentials  of  the 
hydrogen  and  the  oxygen  evolution  reactions. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Polymer  electrolyte  membrane  fuel  cells  (PEMFCs)  represent 
a  promising  entry  into  the  era  of  safe,  noiseless  and  eco-friendly 
energy  production  devices.  PEMFCs  are  characterized  by  low 
operating  temperature,  fast  start-up,  high  energy  conversion  effi¬ 
ciency  and  zero  emission.  However,  their  commercialization  faces 
several  challenges,  e.g.,  high  cost  of  the  Pt  catalyst,  slow  kinetics  of 
the  oxygen  reduction  reaction  (ORR),  degradation  and/or  agglom¬ 
eration  of  the  Pt  catalyst  which  reduces  the  life-time  of  PEMFCs. 
Furthermore,  a  major  source  of  efficiency  loss  of  PEMFCs  is  the 
deterioration  of  the  catalytic  activity  of  the  Pt  catalyst  by  inevitable 
organic  and/or  inorganic  contaminants  entering  the  cell  with  air, 
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e.g.,  NOx,  SOx  and/or  hydrocarbons  impurities  [1-5].  Also,  the 
contamination  of  the  cathode  by  anode-crossover  contaminants  is 
a  feasible  source  of  impurities  due  to  the  use  of  a  thin  Nafion 
membrane  [6,7],  The  influence  of  several  individual  contaminants 
on  the  kinetics  of  the  ORR  at  Pt  nanoparticle-based  cathodes  has 
been  reported  [8—13],  for  a  better  understanding  of  the  deterio¬ 
ration  and  recovery  of  the  fuel  cell  performance.  For  instance,  the 
poisoning  effect  of  SO2  and  H2S  on  the  performance  of  H2/Air  (O2) 
PEMFCs  [14-19]  and  the  poisoning  effect  of  nitrogen  oxides  (NOx) 
on  the  ORR  at  Pt/C  catalysts  [8,9,20-24]  have  been  investigated.  St- 
Pierre  et  al.  [4]  reported  a  significant  loss  of  PEMFCs  performance  in 
the  presence  of  some  airborne  hydrocarbon  contaminants,  (e.g., 
acetonitrile  and  toluene)  which  is  restored  upon  exposure  to  fresh 
(i.e.,  contaminant-free)  air. 

In  this  context,  the  current  study  aims  at  elucidation  of  the 
poisoning  effect  of  acrylonitrile  (AcN,  in  ppm  concentration  range) 
on  the  ORR  at  a  commercially-available  Pt/C  catalyst  in  02-satu¬ 
rated  0.1  m  HCIO4  solution.  AcN  is  shown  as  a  possible  hydrocarbon 
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contaminant  from  the  materials  making  up  the  balance  of  plant 
(BOP)  of  PEMFCs  such  as  accessories,  piping,  blowers,  pumps  and 
heat  exchanger  [5],  Consequently,  the  impact  of  AcN  on  the  ORR 
kinetics  is  studied  herein  using  steady-state  voltammetry.  A 
significant  negative  shift  of  the  onset  potential  and  the  half  wave 
potential  (E1/2)  of  the  ORR  is  observed  in  the  presence  of  a  minute 
amount  (<1  ppm)  of  AcN  in  the  electrolyte.  The  activity  of  the 
poisoned  Pt/C  catalyst  is  restored  by  cycling  the  potential  between 
the  onset  potentials  of  the  hydrogen  and  oxygen  evolution 
reactions. 

2.  Experimental 

Pt/C  catalyst  TEC  10E50E  (46  wt%  Pt)  -  purchased  from  Tanaka 
Kikinzoku  Kogyo,  Japan  —  has  the  following  physical  characteris¬ 
tics:  average  particle  size  of  2.6  nm,  Pt  surface  area  of 
132.6  m2  g-1  Pt,  and  a  total  BET  area  of  316.1  m2  g-1  of  catalyst.  A 
thin  film  electrode  of  the  Pt/C  catalyst  was  used  as  the  working 
electrode,  which  was  prepared  as  follows:  8.8  mg  Pt/C  catalyst  was 
mixed  with  1.13  ml  H2O  +  0.297  ml  isopropanol  +  0.092  ml  of  5  wt% 
Nafion  and  sonicated  for  60  min  to  form  the  ink,  and  then  10  pi  of 
the  suspension  was  carefully  casted  onto  the  GC  disk  susbtrate 
(6  mm  in  diameter)  to  fabricate  a  homogenous  film  of  the  Pt/C  ink 
and  left  for  drying  for  2  h  at  room  temperature.  This  gives  a  film 
with  a  loading  of  95  pg  Pt  cm-2  of  the  geometric  area  of  GC  elec¬ 
trode.  Several  investigations  are  found  in  literature  dealing  with  the 
catalytic  performance  of  Pt/C  catalysts  with  loadings  ranging  from 
3.5  to  105  pg  Pt  cm  2  under  several  operating  conditions  [25-27], 
The  loading  of  95  pg  Pt  cm-2  is  used  in  the  current  study  as  an 
example  to  explore  the  influence  of  AcN  on  the  ORR  at  a  Pt/C 
catalyst  in  0.1  m  HCIO4  solution.  Prior  to  casting  of  the  Pt/C  ink,  the 
GC  disk  was  polished  with  no.  2000  emery  paper,  and  then  with 
aqueous  slurries  of  successively  finer  alumina  powder  (particle  size 
down  to  0.06  pm)  with  the  help  of  a  polishing  microcloth,  followed 
with  ultrasonic  cleaning  in  milli-Q  water  for  10  min.  The  thus- 
prepared  Pt/C  catalyst  was  used  as  the  working  electrode  for  the 
ORR  in  02-saturated  0.1  m  HCIO4  solutions  containing  various 
amounts  of  AcN,  namely:  0,  0.5, 1, 10  and  100  ppm.  A  spiral  Pt  wire 
and  an  Ag/AgCl/KCl  (sat)  were  used  as  the  counter  and  reference 
electrodes,  respectively.  A  salt  bridge  is  used  to  eliminate  the 
possibility  of  contamination  with  chloride  ions  from  the  reference 
electrode  compartment.  This  salt  bridge  connects  the  main 
compartment  of  the  cell  through  a  Luggin-capillary  with  the 
reference  electrode.  The  potentials  are  reported  versus  the 
reversible  hydrogen  electrode  (RHE).  /R-drop  correction  of  the 
measured  potentials  is  done  by  determining  the  solution  resistance 
(R)  by  impedance  measurements  at  open  circuit  potential  (ca. 
0.98  V  vs.  RHE).  A  value  of  R  =  14.8  Q  was  estimated  and  assumed 
constant  during  the  measurements.  All  the  measurements  were 
carried  out  at  room  temperature  (25  ±  1  °C).  A  conventional  three- 
electrode  cell  with  a  total  volume  of  around  25  ml  was  used  for  the 
cyclic  voltammetric  (CV)  measurements.  For  hydrodynamic  vol- 
tammetric  measurements,  the  working  electrode  compartment 
was  200  cm3  to  eliminate  any  possible  change  in  the  O2  concen¬ 
tration  during  the  measurements.  Steady-state  voltammograms 
were  obtained  at  a  rotating  ring-disk  electrode  (RRDE)  with  a  GC 
disk  (6  mm  in  diameter)  modified  with  Pt/C  catalyst  and  a  Pt  ring 
using  a  rotary  system  from  Nikko  Keisoku,  Japan.  The  Pt/C  ink  was 
casted  onto  the  GC  disk  electrode  as  described  above.  Prior  to  each 
experiment,  O2  gas  was  bubbled  directly  into  the  cell  for  30  min  to 
obtain  02-saturated  solutions,  and  during  the  measurements  O2  gas 
was  flushed  over  the  cell  solution.  Electrolyte  solutions  were,  if 
necessary,  deaerated  by  bubbling  N2  gas  for  at  least  30  min  prior  to 
electrochemical  measurements.  Electrochemical  measurements 
were  performed  using  a  CHI  760/d  electrochemical  analyzer.  The 


current  density  was  calculated  on  the  basis  of  the  geometric  surface 
area  of  the  underlying  GC  electrode  (=  0.283  cm2). 

3.  Results  and  discussion 

3.1.  Characterization  of  Pt/C 

Fig.  1A  shows  typical  CVs  of  a  Pt/C  catalyst  supported  on  the  GC 
disk  electrode  in  ^-saturated  0.1  m  HCIO4  in  the  presence  of 
various  concentrations  of  AcN  measured  at  a  potential  scan  rate  of 
0.1  V  s'  Each  voltammogram  corresponds  to  the  first  potential 
scan  at  a  freshly  prepared  Pt/C  catalyst  modified  GC  electrode  in  the 
presence  of  various  concentrations  of  AcN.  Curve  a  (measured  in 
the  absence  of  AcN)  shows  a  characteristic  behavior  of  a  Pt/C 
catalyst  with  a  broad  oxidation  peak  for  the  Pt  oxide  formation 


E!  V  vs.  RHE 


El  V  vs.  RHE 

Fig.  1.  (A)  CVs  of  the  Pt/C  catalyst  (loaded  on  GC  disk  electrode  at  95  pg  Pt  cm-2)  in  N2- 
saturated  0.1  m  HC104  solutions  containing  (a)  0,  (b)  0.5,  (c)  1,  (d)  10,  and  (e)  100  ppm 
acrylonitrile.  N.B.  each  CV  corresponds  to  the  1st  potential  scan  obtained  at  a  freshly 
prepared  Pt/C  catalyst-coated  GC  electrode  in  the  presence  of  various  concentrations  of 
AcN.  Potential  scan  rate:  0.1  V  s-1  (B)  CVs  for  the  hydrogen  adsorption-desorption 
obtained  at  Pt/C  catalyst  (loaded  on  GC  disk  electrode  at  95  pg  Pt  cm-2)  in  ^-satu¬ 
rated  0.1  m  HCIO4  solutions  containing  (a)  0,  (b)  0.5,  (c)  1,  (d)  10  and  (e)  100  ppm  AcN. 
Each  voltammogram  corresponds  to  the  first  potential  scan  at  a  freshly  prepared  Pt/C 
catalyst  modified  GC  disk  electrode  in  the  presence  of  various  concentrations  of  AcN. 
Potential  scan  rate:  0.1  V  s-1. 
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(commences  at  ca.  0.75  V  and  extends  up  to  1.5  V  vs.  RHE)  coupled 
with  a  single  reduction  peak  centered  at  ca.  0.58  V  vs.  RHE,  in 
addition  to  the  appearance  of  the  hydrogen  adsorption/desorption 
(Hads/des)  couple  in  the  potential  region  between  0.05  and  0.35  V  vs. 
RHE.  Similar  features  are  observed  for  the  poisoned  Pt/C  catalyst 
(albeit  with  lower  currents)  in  the  presence  of  AcN  (curves  b— e) 
with  the  appearance  of  a  distinct  oxidation  peak  at  ca.  1.4  V  vs. 
RHE  which  is  assigned  to  the  oxidation  of  adsorbed  AcN.  Further¬ 
more,  a  noticeable  decrease  in  the  intensity  of  the  Pt-oxide 
reduction  peak  is  observed  with  a  concurrent  lowering  in  the 
intensity  of  the  Hads/des  peaks.  This  reflects  the  adsorption  of  AcN 
onto  the  Pt/C  catalyst  and  thus  decreases  its  accessible  electro¬ 
chemical  active  surface  area  (ECSA).  A  value  of  ECSA  =  64.4  m2  g  1 
Pt  is  obtained  for  the  unpoisoned  Pt/C  catalyst  based  on  the  Hdes 
peak  (using  a  reported  value  of  210  pC  cm-2  [28])  which  is  about 
one  half  of  that  estimated  by  the  CO-stripping  (132.6  m2  g-1  Pt).  A 
similar  observation  is  reported  by  Mayrhofer  et  al.  [25],  in  which 
the  difference  between  the  values  of  ECSA  (estimated  by  both 
techniques,  i.e.,  Hads  and  CO  stripping)  is  getting  larger  for  Pt/C 
catalyst  with  particle  size  >  1.4  nm  [25].  CVs  for  the  hydrogen 
adsorption/desorption  (Hads/des)  at  the  Pt/C  catalyst  in  0.1  m  HCIO4 
solution  containing  various  amounts  of  AcN  are  shown  in  Fig.  IB. 
The  presence  of  a  minute  amount  of  acrylonitrile  as  small  as  1  ppm 
caused  a  paramount  decrease  in  ECSA  as  depicted  from  the  CV 
measurements  for  the  HadS/des-  We  have  to  mention  here  that  the 
surface  coverage  (0)  of  AcN  on  Pt/C  catalyst  has  been  estimated 
based  on  the  Hads/des  patterns  in  which  the  potential  was  scanned 
from  0.45  V  (at  which  the  faradaic  current  is  close  to  zero)  toward 
the  cathodic  direction,  i.e.,  between  0.45  and  0.05  V  vs.  RHE.  The 
values  of  8  of  AcN  are  estimated  accordingly  by  monitoring  the 
decrease  in  the  charge  of  the  Hdes  peak  (cf.  Table  1).  Obviously, 
increasing  the  AcN  concentration  causes  an  increase  in  8  and 
a  decrease  in  ECSA.  Table  1  lists  the  values  of  ECSA  and  8  for  the 
unpoisoned  and  poisoned  Pt/C  catalysts. 


3.2.  Electrochemical  reduction  of  oxygen 

To  evaluate  the  effect  of  AcN  poisoning  on  the  kinetics  of  the 
ORR,  a  steady-state  voltammetry  was  measured  in  02-saturated 
0.1  m  HCIO4  in  the  presence  of  various  concentrations  of  AcN.  The 
data  are  shown  in  Fig.  2.  Note  that  the  GC  disk  (modified  with  the 
Pt/C  catalyst)  was  polarized  at  1.05  V  vs.  RHE  for  10  min  before  each 
measurement.  Curve  a  shows  a  typical  ORR  voltammogram  on  Pt 
surface  with  a  single  reduction  wave  starting  at  ca.  1  V  with  a  fully 
developed  plateau  (which  starts  at  ca.  0.7  V  and  extends  up  to  0.4  V 


Table  1 

Variation  of  the  electrochemical  active  surface  area  (ECSA),  surface  coverage  of 
acrylonitrile  (6)  and  shift  in  the  half  wave  potential  (AEjp)  of  the  ORR  at  Pt/C  catalyst 
in  the  presence  of  various  concentrations  of  acrylonitrile.  Pt/C 
loading  =  95  pg  Pt  cm'2. 


Solution  (0.1  m  HC104  + 
x  ppm  acrylonitrile) 


ECSA3  0b  A  Ei/2c 

(m2  g-1  Pt) _ (mV) 

64.4  0  0 

42.3  34.3  53 

23.1  64.1  85 

11.2  82.6  100 

4.8  92.6  135 


3  As  estimated  from  the  amount  of  charge  consumed  during  the  anodic  hydrogen 
desorption  (see  Fig.  IB)  using  a  reported  value  of  210  pC  cm2  [28], 
b  Estimated  from  the  relation  (0  =  1  -  (ECSApoisoned/ECSAunpoisoned)),  where 
ECSAPoiSoned  and  ECSAunpoisoned  refer  to  the  electrochemical  active  surface  area  of  the 
poisoned  and  the  unpoisoned  Pt/C  catalyst,  respectively. 

c  AE1/2  (=  Ei/2unpoisoned  -  Empoisoned)  is  the  negative  shift  in  the  half  wave 
potential  of  the  ORR  at  the  poisoned  Pt/C  catalyst  (Empoisoned)  from  that  observed  at 
the  unpoisoned  Pt/C  catalyst  (Eipunpoisoned  =  0.87  V  vs.  RHE).  The  values  are  ob¬ 
tained  from  Fig.  2. 


0.4  0.6  0.8  1 

E/  V  vs.  RHE 


Fig.  2.  Steady-state  voltammograms  (with  /R-drop  corrections)  measured  at  900  rpm 
for  the  ORR  at  Pt/C  catalyst  GC  disk-Pt  ring  RRDE  electrode  in  02-saturated  0.1  m  HC104 
solutions  containing  (a)  0,  (b)  0.5,  (c)  1,  (d)  10  and  (e)  100  ppm  AcN.  The  corresponding 
Pt  ring  currents  (a’-d’)  are  shown  in  the  upper  panel  (corresponding  to  the  oxidation 
of  hydrogen  peroxide  produced  at  the  relevant  disk  electrode).  Potential  scan  rate: 
0.01  V  s  \  The  Pt  ring  electrode  was  potentiostated  at  1.25  V  vs.  RHE.  Pt/C  loading  on 
the  GC  disk  electrode  =  95  pg  Pt  cm  2. 


vs.  RHE),  concurrently  with  a  minimal  Pt  ring  current  (curve  a’, 
corresponding  to  the  oxidation  of  hydrogen  peroxide  produced  at 
the  unpoisoned  Pt/C  catalyst).  This  reflects  the  exclusive  4-electron 
reduction  of  O2  to  water  at  the  unpoisoned  Pt/C  catalyst  (cf.  Fig.  3). 
On  the  other  hand,  at  the  poisoned  Pt/C  catalyst  (curves  b-e)  the 
following  points  are  remarkable: 

(i)  The  half-wave  potential  (£1/2)  and  the  onset  potential  of  the 
ORR  are  negatively  shifted  to  a  various  extent  depending  on 
the  concentration  of  AcN, 

(ii)  A  significant  lowering  in  the  limiting  current  density  at  the 
poisoned  Pt/C  catalyst  (curves  b— e),  with  a  significant  increase 
in  the  corresponding  ring  current  (curves  b’— e’).  These  results 
demonstrate  a  significant  retardation  of  the  ORR  in  the  pres¬ 
ence  of  AcN  and  a  contribution  of  the  2-electron  reduction 
pathway  (i.e.,  formation  of  H2O2,  cf.  Fig.  4). 

(iii)  Furthermore,  the  unpoisoned  Pt/C  catalyst  supports  a  current 
density  of  3.4  mA  cm-2  at  0.82  V  (i.e.,  in  the  kinetic-controlled 
current  region)  which  is  lowered  to  1.7,  0.8,  0.5  and 
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Fig.  3.  Variation  of  the  number  of  the  exchanged  electrons  (n)  with  the  disk  electrode 
potential  during  the  ORR  at  Pt/C  catalysts  in  in  02-saturated  0.1  m  HC104  solution 
containing  (a)  0,  (b)  1,  (c)  10  and  (d)  100  ppm  AcN.  Data  were  estimated  from  the 
corresponding  RRDE  voltammograms  in  Fig.  2. 

0.2  mA  cm-2  in  the  presence  of  0.5, 1, 10  and  100  ppm  AcN, 
respectively.  This  amounts  to  about  50%  loss  in  the  catalytic 
activity  in  the  presence  of  0.5  ppm  AcN. 

The  diffusion-limiting  current  (id)  of  the  ORR  is  given  by  [29]: 

id  =  0.62nMD2/3«1/2F  W  (l) 

where  c*  is  the  concentration  of  dissolved  O2  in  0.1  m  HCIO4  solu¬ 
tion,  A  is  the  geometric  surface  area  of  the  desk  electrode,  w  is  the 
electrode  rotation  rate,  n  is  the  number  of  exchanged  electrons 
during  the  ORR,  v  is  the  kinematic  viscosity  and  other  symbols  have 
their  usual  meanings.  The  observed  decrease  of  id  at  the  poisoned 


Fig.  4.  Variation  of  the  percentage  of  hydrogen  peroxide  (%H202)  with  the  disk  elec¬ 
trode  potential  during  the  ORR  at  Pt/C  catalysts  in  02-saturated  0.1  m  HC104  solution 
containing  (a)  0,  (b)  1,  (c)  10  and  (d)  100  ppm  AcN.  Data  were  estimated  from  the 
corresponding  RRDE  voltammograms  in  Fig.  2. 


Pt/C  catalysts  points  to  a  crucial  retarding  role  of  AcN  in  the 
reduction  pathway  of  O2  by  reducing  the  number  of  electrons  (n) 
exchanged  during  the  course  of  the  ORR. 

Further  analysis  of  the  steady-state  voltammograms  (shown  in 
Fig.  2)  has  been  carried  out  by  estimation  of  the  values  of  n  and  % 
H2O2  produced  at  the  disk  electrode  during  the  ORR  in  0.1  m  HCIO4 
solution  in  the  presence  of  various  amounts  of  AcN  (Figs.  3  and  4, 
respectively).  Note  that  n  and  %H202  were  estimated  using  Equa¬ 
tions  (2)  and  (3),  respectively  [30]: 


n 


4 ID 


Id  + 


Ir 

N 


(2) 


%H202  = 


200fR 

N 


fo  + 


Ir 

N 


(3) 


where  1R  and  /D  are  the  ring  and  disk  currents,  respectively,  and  N  is 
the  collection  efficiency  of  the  RRDE  (=  0.37).  Inspection  of  Fig.  4 
reveals  a  significant  contribution  of  the  2-electron  reduction 
pathway  (i.e.,  hydrogen  peroxide)  during  the  course  of  the  ORR  in 
the  presence  of  AcN.  That  is,  at  the  disk  potential  of  0.75  V,  % 
H202  =  0.15%  at  the  unpoisoned  Pt/C  catalyst  and  increases  up  to  3, 
7  and  10%  in  the  presence  of  1, 10  and  100  ppm  AcN,  respectively.  A 
monotonic  increase  of  %H202  is  observed  over  the  whole  potential 
range.  This  finding  is  consistent  with  previous  reports  in  which 
detectable  amounts  of  H202  are  produced  at  Pt,  Pt  nanoparticles 
modified  GC  and  Pt/C  cathodes  poisoned  with  various  contami¬ 
nants,  e.g„  ammonium  ions,  S02  or  NOx  [8,15,31],  These  indicate 
the  predominant  retarding  effect  of  the  poison  against  the 
complete  4-electron  reduction  of  02  to  water  over  the  whole 
potential  range  of  the  ORR.  A  so-called  dual  adsorption  of  02 
molecules  is  likely  favorable  for  the  4-electron  reduction  of  02  to 
H20,  whereas  a  single  adsorption  is  probably  sufficient  for  the 
formation  of  hydrogen  peroxide  [32],  Thus,  at  the  poisoned  Pt/C 
catalyst  a  significant  contribution  of  the  end-on  (Pauling-model) 
adsorption  mode  of  02  prevails  leading  to  the  formation  of 
hydrogen  peroxide  [12,14,33,34],  as  a  result  of  the  adsorption  of 
AcN  on  the  Pt/C  catalyst  surface,  thus  impeding  the  parallel 
adsorption  mode  of  02  molecules  (necessary  for  0—0  bond 
breaking)  [32],  Alternatively,  one  might  consider  a  contribution  of 
an  outer-sphere  electron  transfer  mechanism  during  the  ORR  at  the 
poisoned  Pt/C  catalyst  similar  to  that  suggested  by  Ramaswamy  and 
Mukerjee  [35]  in  which  OH  species  adsorbed  at  the  Pt  surface 
inhibit  the  direct  molecular  adsorption  of  02  and  promotes  a  2- 
electron  reduction  of  02  to  hydrogen  peroxide.  Similarly,  the 
outer-sphere  mechanism  has  been  proposed  as  a  plausible  reduc¬ 
tion  pathway  of  02  to  superoxide  ions  (via  a  one-electron  transfer) 
at  thiophenol  modified  Au  electrodes  [36]  as  well  as  at  Hg  elec¬ 
trodes  modified  with  hydrophobic  film  of  quinoline  derivatives 
[37], 


3.3.  Tafel  plots 

To  further  clarify  the  poisoning  effect  of  AcN,  mass-transfer 
corrected  Tafel  plots  of  the  ORR  at  (a)  unpoisoned  and  (b) 
poisoned  Pt/C  catalysts  are  shown  in  Fig.  5.  This  figure  depicts  two 
different  linear  regions  for  each  curve  with  two  distinct  slopes  at 
low  and  high  current  density  regions,  respectively,  i.e.,  -68 
and  -128  mV  dec-1  for  the  unpoisoned  Pt/C  catalyst,  and  -70 
and  -228  mV  dec-1  for  the  poisoned  Pt/C  catalyst.  For  the 
unpoisoned  Pt/C,  the  Tafel  slope,  in  the  large  overpotential  region,  is 
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Fig.  5.  Mass  transfer-corrected  Tafel  plots  for  the  ORR  obtained  at  Pt/C  catalyst  in  02- 
saturated  0.1  m  HC104  solutions  containing  (a)  0  and  (b)  100  ppm  AcN.  Note  that  Tafel 
plots  are  corrected  for  the  /R-drop  using  a  value  of  the  solution  resistance  of  14.8  O  (as 
estimated  from  the  impedance  measurements). 


almost  double  that  in  the  small  overpotential  region,  similar  to 
previous  reports  [38],  The  change  in  the  Tafel  slope  is  related  to  the 
change  in  the  nature  of  the  adsorbed  oxygen  species  and  the 
potential-dependent  variation  of  their  surface  coverage  on  the 
electrode  surface.  [39-41  ].  The  similar  Tafel  slopes  obtained  at  the 
poisoned  and  unpoisoned  Pt/C  catalysts  in  the  low  overpotential 
region  indicates  a  negligible  influence  of  AcN  on  the  rate¬ 
determining  step  of  the  ORR,  possibly  due  to  the  small  surface 
coverage  and  also  its  feasible  oxidation  within  this  potential  range 
(see  Fig.  1A).  However,  in  the  large  overpotential  region,  the 
poisoned  Pt/C  catalyst  shows  a  larger  Tafel  slope  (-228  mV  dec  4) 
than  that  obtained  at  the  unpoisoned  Pt/C  catalyst 
(ca.  -128  mV  dec-1),  implying  that  the  kinetics  of  the  ORR  becomes 
sluggish  in  the  presence  of  AcN.  The  large  value  of  Tafel  slope 
( b  =  RT/anF)  obtained  at  the  poisoned  Pt/C  catalyst  reflects 
a  significant  decrease  in  the  value  of  an.  That  is,  the  transfer  coef¬ 
ficient  and/or  the  number  of  exchanged  electrons  is  being  less  than 
those  obtained  at  the  unpoisned  Pt/C  catalyst  [42], 

This  fact  points  to  a  crucial  role  of  the  surface  coverage  of  AcN  at 
the  Pt/C  surface  in  determining  its  catalytic  activity.  The  variation  of 
8  of  AcN  with  the  disk  electrode  potential  could  be  probed  by 
comparing  the  values  of  8  obtained  at  two  different  potential 
regions,  namely,  at  the  Pt-oxide  reduction  region  (at  ca.  0.6  V,  Fig.  1 ) 
and  at  the  Hads/des  region  (in  the  potential  range  from  ca.  0.02—0.3  V 
vs.  RHE,  see  Fig.  1 ).  For  instance,  a  value  of  8  =  64%  is  obtained  based 
on  the  decrease  in  the  HadS/des  peak  (in  the  presence  of  1  ppm  AcN) 
compared  to  a  value  of  8  =  41%  as  estimated  from  the  decrease  in 
the  Pt-oxide  reduction  peak.  This  finding  reflects  the  potential 
dependency  of  8.  That  is,  the  adsorbed  AcN  molecules  could  be 
oxidized  and  thus  a  low  value  of  8  is  obtained  within  the  potential 
window  of  the  Pt-oxide  formation  which  is  not  the  case  within  the 
Hads/des  potential  domain  (i.e.,  between  0.45  and  0.05  V  vs.  RHE). 
This  urged  us  to  compare  the  RRDE  voltammograms  of  the  ORR 
obtained  in  the  positive-going  and  negative-going  potential  scans 
in  02-saturated  0.1  m  HCIO4  solution  containing  100  ppm  AcN.  The 
results  are  shown  in  Fig.  6.  Note  that,  prior  to  each  measurement; 
the  Pt/C  catalyst  modified  GC  disk  electrode  was  polarized  at  (a) 
1.05  V  and  (b)  0.38  V  vs.  RHE  for  10  min.  The  ring  currents  (curves  a’ 


El  V  vs.  RHE 

Fig.  6.  Comparison  of  the  RRDE  voltammograms  for  the  ORR  at  Pt/C  catalyst  (loaded 
on  GC  disk  electrode  at  95  pg  Pt  cm'2)  in  02-saturated  0.1  m  HC104  solution  containing 
100  ppm  AcN  at  (a)  negative-going  and  (b)  positive-going  potential  scans.  The  corre¬ 
sponding  Pt  ring  currents  (a’-b’)  are  shown  in  the  upper  panel  (corresponding  to  the 
oxidation  of  hydrogen  peroxide  produced  at  the  relevant  disk  electrode).  Potential  scan 
rate:  0.01  V  s-1.  The  ring  was  potentiostated  at  1.25  V  vs.  RHE. 


and  b’)  corresponding  to  the  oxidation  of  hydrogen  peroxide  - 
produced  at  the  relevant  disk  electrode-  are  shown  in  the  upper 
panel.  Inspection  of  this  figure  reveals  that  the  disk  current  largely 
depends  on  the  initial  potential  of  the  Pt/C  desk  a  direction  of  the 
potential  scan.  That  is  a  pronounced  retarding  effect  of  AcN  on  the 
ORR  is  observed  during  the  positive-going  potential  excursion 
(curve  b,  with  an  initial  holding  potential  of  0.38  V  vs.  RHE) 
compared  with  that  obtained  during  the  negative-going  potential 
scan  (curve  a,  with  an  initial  holding  potential  of  1.05  V  vs.  RHE).  In 
the  latter  case  (curve  a),  the  amount  of  adsorbed  AcN  decreases 
upon  holding  the  Pt/C  desk  at  such  a  high  anodic  potential  (1.05  V 
vs.  RHE)  due  to  its  oxidation,  while  at  0.38  V  no  significant  oxida¬ 
tion  of  AcN  occurs,  thus  a  larger  value  of  8  is  obtained  and  conse¬ 
quently  the  ORR  is  more  retarded  (curve  b). 

Fig.  7  A  and  B  show  the  variation  of  n  and  %H202,  respectively, 
with  the  disk  electrode  potential  during  the  ORR  at  a  Pt/C  catalyst  in 
02-saturated  0.1  m  HCIO4  solution  containing  100  ppm  AcN  during 
(a)  negative-going  and  (b)  positive-going  potential  excursions.  The 
arrows  indicate  the  direction  of  the  potential  scan.  At  a  glance,  the 
amount  of  H2O2  produced,  e.g.,  at  a  potential  of  0.45  V  vs.  RHE  is 
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Fig.  7.  Variation  of  (A)  n  and  (B)  %H202  with  the  disk  electrode  potential  during  the 
ORR  at  Pt/C  catalysts  (loaded  on  GC  disk  electrode  at  95  pg  Pt  cm"2)  in  02-saturated 
0.1  m  HC104  solution  containing  100  ppm  AcN  at  (a)  negative-going  and  (b)  positive¬ 
going  potential  scans. 

larger  in  the  positive-going  potential  scan  (33%)  (curve  b,  panel  B) 
than  in  the  negative-going  potential  scan  (25%)  (curve  a,  panel  B). 
This  indicates  that  a  significantly  different  amount  of  AcN  is 
adsorbed  at  the  Pt/C  catalyst  depending  on  the  initial  potential  of 
the  disk  electrode.  In  other  words,  the  catalytic  activity  of  the  Pt/C 
catalyst  is  quite  sensitive  to  the  direction  of  potential  scan.  A  similar 
result  was  also  obtained  by  considering  the  variation  of  n  with  the 
direction  of  potential  scan  (Fig.  7A). 

Fig.  8  shows  the  relationship  between  8  (estimated  from  the 
Hads/des  peaks,  Fig.  IB)  and  %H202  (obtained  from  Fig.  4  at  0.45  V  vs. 
RHE)  as  a  function  of  the  concentration  of  AcN.  This  figure  depicts 
that  both  8  and  %H202  increases  with  the  concentration  of  AcN. 
Also,  it  shows  a  Langmuir-type  isotherm  in  which  6  levels  off  above 
100  ppm  AcN. 

It  has  been  shown  that  the  polarizing  potential  of  a  certain 
electrode  is  related  to  changes  in  the  catalyst  work  function  (0) 
[43-45].  0  is  strongly  affected  by  the  conditions  of  the  surface  of 
the  catalyst.  The  presence  of  minute  amounts  of  contaminant  (less 
than  a  monolayer)  can  change  the  work  function  substantially  and 
in  turn  the  catalytic  activity  of  the  catalyst  may  change.  This  is 
a  result  of  the  formation  of  electric  dipoles  at  the  surface,  resulting 
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Fig.  8.  Surface  coverage  (0)  of  AcN  on  Pt/C  (curve  a)  and  %H202  (curve  b)  as  a  function 
of  the  concentration  of  AcN  in  02-sat.  0.1  m  HC104.  Note  that  the  values  of  8  are  esti¬ 
mated  from  the  Ha ds/des  peaks  (see  Fig.  IB). 

in  the  change  in  the  energy  needed  for  an  electron  to  leave  the 
surface  of  the  catalyst.  For  instance,  methanol  adsorption  was 
found  to  cause  a  monotonic  decrease  in  Pt  work  function  down 
to  —1.8  eV  relative  to  the  clean  surface  [32],  Thus,  the  observed 
retarding  in  the  activity  of  the  poisoned  Pt/C  catalyst  toward  the 
ORR  could  result  from  a  decrease  in  the  Pt  work  function  due  to  AcN 
adsorption.  0  is  sensitive  to  any  physicochemical  changes  on  the 
electrode  surface  and  the  change  in  0  could  be  explained  based  on 
Equation  (4)  [43-48]: 

0  =  0Q-  47TS/1  (4) 

where  0O  is  the  work  function  of  the  bare  metal  surface  and  s  is  the 
surface  concentration  of  the  adsorbate  and  fi  is  the  dipole  moment 
of  the  adsorbate  directed  perpendicularly  to  the  metal  surface.  Note 
that  Equation  (4)  encounters  a  simplification  as  it  is  originally 
proposed  for  adsorption  at  a  metal  surface  (uncharged)  in  UHV. 
However,  it  can  be  used  to  predict  a  qualitative  assessment  of  the 
retarding  effect  of  the  poison.  That  is,  the  change  in  work  function 
of  Pt  (A$  =  0  -  0q)  depends  on  s  and  fi  of  the  impurity.  The  increase 
of  the  concentration  of  AcN  from  0.5  to  100  ppm  increases  8  (which 
is  proportional  to  s),  and  thus  shifts  E1/2  of  the  ORR  toward  the 
negative  direction  of  potential  (see  Table  1 )  along  with  a  noticeable 
increase  in  %H202  (see  Fig.  8)  as  a  result  of  a  decrease  in  n 
(see  Fig.  3). 


3.4.  Recovery  of  catalytic  activity  of  the  Pt/C  catalyst 

In  order  to  retrieve  ECSA  (and  in  turn  the  catalytic  activity)  of 
the  poisoned  Pt/C  catalyst,  the  potential  of  the  poisoned  Pt/C 
catalyst  electrode  was  cycled  several  times  within  two  different 
potential  domains.  Firstly,  within  the  potential  region  of  the  Ha dS/ 
des.  i-e.,  between  0.45  and  0.05  V  vs.  RHE,  in  N2-saturated  0.1  m 
HCIO4  solution  at  a  potential  scan  rate  of  0.1  V  s  l  The  percent 
recovery  of  ECSA  is  plotted  against  the  number  of  potential  cycles 
(Fig.  9,  curve  a).  This  figure  shows  that  cycling  the  potential  within 
the  Hads/des  region  did  not  lead  to  a  significant  regeneration  of  ECSA 
of  the  Pt/C  catalyst.  Secondly,  a  repetitive  potential  cycling  between 
the  onset  potentials  of  the  hydrogen  and  oxygen  evolution  reac¬ 
tions,  i.e.,  between  0.05  and  1.5  V  vs.  RHE,  caused  a  remarkable 
retrieval  of  ECSA  of  Pt/C  catalyst  (Fig.  9,  curve  b).  That  is,  an  almost 
complete  recovery  of  ECSA  (>98%)  is  achieved  after  3  potential 
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Fig.  9.  Variation  of  the  percent  recovery  (S/S0)  of  ECSA  of  the  poisoned  Pt/C  catalyst 
with  the  number  of  potential  cycles  between  (a)  0.05  and  0.45  V  and  (b)  0.05  and  1.5  V 
vs.  RHE  at  0.1  V  s-1  in  N2-saturated  0.1  m  HC104  solution.  Note  that  the  Pt/C  catalyst 
modified  GC  disk  electrode  was  pre-poisoned  by  immersing  in  0.1  m  HC104  solution 
containing  100  ppm  AcN  at  ocp  (ca.  0.98  V  vs.  RHE)  for  10  min.  Note  that  S„  and  S  refer 
to  ECSA  of  the  unpoisoned  and  the  poisoned  Pt/C  catalysts. 

cycles.  This  indicates  that  the  oxidative  removal  of  AcN  is  remark¬ 
ably  effective  to  recover  ECSA  of  the  poisoned  Pt/C  catalyst 
compared  with  the  removal  via  a  competition  with  the  hydrogen 
adsorption-desorption. 

4.  Conclusions 

AcN  causes  a  significant  retardation  of  the  catalytic  activity  of 
the  Pt/C  catalyst  toward  the  ORR  in  HCIO4  solution  to  an  extent 
depending  on  its  level  of  contamination.  The  adsorption  of  AcN 
lowers  ECSA  of  the  Pt/C  catalyst  and  is  proposed  to  impede  the 
parallel  adsorption  mode  of  oxygen  molecules  at  the  Pt/C  catalyst 
(necessary  for  0—0  bond  breaking).  Accordingly,  a  significant 
amount  of  the  2-electron  reduction  product,  i.e.,  hydrogen 
peroxide,  is  detected.  At  high  current  density  region,  the  poisoned 
Pt/C  catalyst  exhibits  a  higher  Tafel  slope  (-228  mV  dec-1)  than 
that  obtained  at  the  unpoisoned  Pt/C  catalyst  (ca.  -128  mV  dec-1), 
implying  that  the  kinetics  of  the  ORR  becomes  sluggish  in  such 
a  potential  range  in  the  presence  of  AcN.  The  increase  of  the  surface 
coverage  of  AcN  on  the  Pt  surface  is  thought  to  alter  its  work 
function  ($)  in  such  a  way  that  the  catalytic  activity  of  the  Pt/C 
catalyst  toward  the  ORR  deteriorates.  Retrieval  of  ECSA  is  achieved 
by  employing  a  few  potential  cycles  between  the  onset  potentials  of 
the  hydrogen  evolution  and  oxygen  evolution  reactions. 
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